The leptin regulation of bone remodeling, which has been documented through studies of loss-of-function mutations of this hormone or of its receptor in mice and humans, still raised several unanswered questions. For instance, it has been assumed but not formally demonstrated that this regulation occurs through neuronal means. Likewise, it has not been possible until now to dissociate the influence leptin exerts on appetite and energy expenditure from this function. We show here through mouse genetic studies that a deletion of the leptin receptor in neurons results in an increase in bone formation and bone resorption, resulting in a high bone mass as seen in leptin-deficient mice. In contrast, the same deletion in osteoblasts only does not influence bone remodeling. Furthermore, through the use of l/l mice, a model of gain of function in leptin signaling harboring a Y985L substitution in the leptin receptor, we show that leptin signaling inhibits bone mass accrual by up-regulating sympathetic activity independently of any change in appetite or energy expenditure. This work establishes that in vivo leptin regulates bone mass accrual by acting through neuronal means and provides a direct demonstration that this function of leptin can occur independently of its regulation of energy metabolism.
I
n the last 10 years, significant advances in our understanding of bone remodeling have come from the study of its endocrine regulation by leptin (1) . Remarkably, many studies uncovered that the regulation of either arm of bone remodeling, bone formation and bone resorption, involves molecules not classically associated with bone physiology (1) (2) (3) (4) . For instance, it has been proposed that leptin regulation of bone mass occurs after its binding to its receptor presumably on hypothalamic neurons. This results in an activation of the sympathetic tone that then acts on osteoblasts to decrease bone formation and to increase osteoclast differentiation (4) (5) (6) (7) (8) . In addition, leptin via another mediator, CART (cocaine and amphetamine-regulated transcript), inhibits bone resorption (4, 9) . Thus, leptin, through the combined actions of these two mediators, prevents bone mass accrual (1) .
Several questions surround leptin regulation of bone mass accrual. First, there has been no evidence to date that in vivo leptin regulates bone mass through neuronal means rather than through a direct effect on osteoblasts as initially proposed (10, 11) . Another lingering point has been to rule out that leptin regulation of bone mass is merely a secondary consequence of regulation of energy metabolism by this hormone.
Leptin mediates its functions after its binding to a single receptor [LRb, the long form (b) of the leptin receptor, encoded by the Lepr gene] that is linked to the Jak2 tyrosine kinase (12) (13) (14) (15) (16) (17) (18) . Leptin binding activates Jak2, resulting in the tyrosine phosphorylation of several residues on LRb, each of which possesses unique functions. Phosphorylated Tyr-1077 and Tyr-1138 on LRb recruit and activate the latent transcription factors STAT5 and STAT3, which mediate important aspects of leptin action (15) (16) (17) (18) . LRb is also phosphorylated on Tyr-985 (Y985), which binds SOCS3 to attenuate LRb signaling (16, 19, 20) . An implication of these molecular studies is that inactivation of Y985 should result in increased leptin action/LRb signaling. Congruent with this hypothesis, homologous recombinationmediated mutation of LRb by a Y985L substitution (which abolishes phosphorylation and SOCS3 recruitment) in mice disinhibits LRb signaling to generate a mild gain-of-function model of leptin action, at least for some functions of this hormone (21) . Thus, this mutant mouse strain, termed l/l, is an excellent model to ask further, in a gain-of-function model, whether leptin is a negative regulator of bone mass accrual.
Here we show, through cell-specific deletion of its receptor in mice, that leptin regulation of bone mass accrual occurs through neuronal means, not through a local effect on bone cells. We also show that l/l mice display a low-bone mass phenotype in the absence of any abnormality in appetite or energy expenditure. Together with observations already gathered with loss-offunction mutations, this work further establishes that leptin is a physiological regulator of bone remodeling acting in vivo through neuronal means and dissociates its effect on bone mass accrual from those on appetite and energy expenditure.
Results

Neuronal but Not Osteoblast-Specific Deletion of the Leptin Receptor
Affects Bone Mass. To determine the primary cell type affected by leptin during bone remodeling, we deleted Lepr either from osteoblasts, the bone-specific cells targeted by leptin signaling (4-6), or from all neurons [supporting information (SI) Fig. S1 ]. As shown in Fig. 1A , classical histomorphometry on nondemineralized bone sections showed that bone formation and bone resorption parameters were not affected by Lepr deletion specifically in osteoblasts [␣ 1 (I)Collagen-Cre;Lepr fl/fl mice]. In contrast, mice lacking Lepr in neurons only (SynapsinI-Cre;Lepr fl/fl mice) showed an increase in bone formation and bone resorption parameters resulting in a high-bone mass phenotype, mimicking the bone phenotype of ob/ob mice (Fig. 1B) . Microcomputed tomography (CT) analysis of long bones further confirmed the high-bone mass phenotype in SynapsinI-Cre;Lepr fl/fl mice. Indeed, mutant mice displayed a higher bone volume, thicker trabeculae, and increased trabecular connectivity density (Conn.D) compared with wild-type (WT) littermates (Fig. 1C) .
it was then important to determine directly whether it regulates bone mass independently of its influence on energy metabolism. To that end, we made use of the l/l mice that represent a gain-of-function model for leptin signaling (21) . In these mice, the signaling form of the leptin receptor harbors a mutation abrogating binding of SOCS3, a negative regulator of its activity, that thereby leads to enhanced leptin signaling (19, 20) . We analyzed female WT and l/l mice because it is in female l/l mice that the evidence of an increase in leptin signaling is the strongest. For instance, female l/l mice have a more significant decrease in circulating leptin level and smaller gonadal fat pads, two observations indicating an increase in leptin signaling, than male l/l mice (Table S1 and ref. 21 ).
This increase in leptin signaling does not affect, however, all of the major functions of leptin. For instance, not only are l/l mice fertile as reported (21) , but food intake and energy expenditure, two cardinal functions regulated by leptin, were also normal in 6-and 12-week-old l/l mice ( Fig. 2 A-C) . Indeed, whether we looked at oxygen consumption (V O2 ) or respiratory exchange ratio (RER) (Fig. 2 B and C) , there was no difference between WT and l/l mice at 6 and 12 weeks of age. This absence of overt consequence of the Y985L mutation on appetite and energy expenditure makes the l/l mice an even more attractive model to determine whether the regulation of bone mass is a bona fide function of leptin.
Low Bone Mass in l/l Mice. As shown in Fig. 2 D and E, classical histomorphometry on nondemineralized vertebral sections showed that bone mass was significantly decreased in l/l mice at both 6 and 12 weeks of age. This osteopenia was not limited to the axial skeleton and could also be observed in long bones. Indeed, a detailed CT analysis showed that 12-week-old l/l mice had not only a lower bone volume, but also thinner trabeculae (Fig. 2F ). In addition, trabecular Conn.D was significantly decreased in l/l mice, indicating a decrease in intact trabecular bone network (Fig. 2F ). Taken together, these results indicate , and specific-Cre;Lepr ϩ/ϩ , none of which had general and bone mass abnormality. Twelve-week-old female mice were used in these analyses (n ϭ 6 -10 per group for bone histomorphometry and n ϭ 4 for CT analysis; * , P Ͻ 0.05; error bars, SEM). that an activating mutation in the leptin receptor enhances the ability of this hormone to regulate bone mass without affecting appetite or energy expenditure. To determine the cellular bases of the osteopenia observed in l/l mice, we next performed static and dynamic histomorphometry. As shown in Fig. 3 A-C , there was at both 6 and 12 weeks of age a significant decrease in the number of osteoblasts per bone perimeter or in the osteoblast surface per bone surface and in the bone formation rate (BFR) in l/l mice, establishing that bone formation is decreased in these mutant mice. At the same time, we noticed in both 6-and 12-week-old l/l mice a significant increase in bone resorption as determined by an increase in the number of osteoclasts per bone perimeter and in the osteoclast surface per bone surface (Fig. 3C ). In agreement with this observation, the serum level of total deoxypyridinoline (DPD), a byproduct of collagen degradation and a biomarker of osteoclast activity (22) , and expression of Rankl, the major osteoclast differentiation factor (23, 24) , were both significantly increased in l/l mice (Fig. 3 D and E) . In summary, the low-bone mass phenotype observed in l/l mice mirrors the high-bone mass phenotype reported in ob/ob mice (5). This finding is consistent with the opposite nature of these two mutations.
Increased Sympathetic Activity in l/l Mice. The cellular basis of the l/l mice low-bone mass phenotype is the mirror image of what is observed in the case of mice lacking sympathetic signaling (4, 6 ). Therefore, we tested whether the bone phenotype of this model of mild gain of function in leptin signaling was caused by an increase in sympathetic tone.
Sympathetic activity measured by Ucp1 expression in brown adipocyte tissue (BAT), which is decreased in ob/ob mice (6), was increased in l/l mice (Fig. 4A) . Likewise, urinary elimination of norepinephrine was nearly doubled in l/l mice, indicating an increase in sympathetic activity (Fig. 4B) . In contrast, we did not detect any abnormality in Cart expression in the hypothalamus or in circulating CART level in l/l mice (Fig. 4 C and D) , indicating that the Y985L mutation does not affect Cart expression as a complete inactivation of leptin signaling does (4).
Discussion
Since the description in 2000 of the ability of leptin to inhibit bone mass accrual in vivo (5), one major issue has been to establish whether this regulation occurs through a neuronal pathway, as suggested by the results of leptin intracerebroventricular infusion in ob/ob mice (5), or through a direct effect on osteoblasts as initially thought (10, 11) . The most rigorous way to address this question in vivo is through cell-specific deletion of its receptor in mice. We show here that the deletion of Lepr in neurons results in bone-remodeling abnormalities identical to those of ob/ob mice, whereas its deletion in osteoblasts only has no detectable effect on bone mass or bone-remodeling parameters. These results establish formally that in vivo leptin acts through a neuronal relay and not locally to regulate bone mass.
A second lingering question surrounding the regulation of bone mass by leptin has been to determine whether or not it was secondary to the regulation of energy metabolism by this hormone. The l/l mice were generated in an effort to obtain a model of increased leptin signaling, an expectation that was met to a limited extent if one looks at energy metabolism (21) . Of particular interest for us was that appetite and energy expenditure were normal in these mutant mice when fed a regular chow. This was important because, despite the absence of an overt metabolic phenotype, l/l mice presented the expected bone phenotype, i.e., a low bone mass, secondary to a decrease in bone formation and to an increase in bone resorption parameters. Thus, analysis of this gain-of-function model of leptin signaling confirms that leptin regulates bone mass and, more importantly, provides in vivo evidence that this regulation occurs independently of leptin regulation of energy metabolism.
Molecular and biochemical analyses showed that of the two known mediators of leptin regulation of bone mass accrual, CART and the sympathetic tone, only the latter was increased. Assuming that leptin regulates bone mass through a hypothalamic relay (6), one molecular explanation for these observations could be that leptin regulates the sympathetic nervous system via Tyr-985-dependent pathways and CART through Tyr-985-independent pathways. Alternatively, it is possible that Cart expression was not affected because l/l mice display only a hypomorphic gain-of-function mutation in leptin signaling (21) . Regardless of why energy metabolism is not affected in l/l mice, the elucidation of a bone phenotype in the absence of a metabolic phenotype in a leptin signaling gain-of-function mutant mouse model indicates that leptin regulation of bone mass is a true function of this hormone. This statement is further supported by the fact that sympathetic tone and CART regulate bone mass accrual but not appetite or energy expenditure, two other functions of leptin (4, 25) .
The l/l mice harbor the mutation in the leptin receptor in all cells of the body. Given the dissociation that we and others have observed in these mice between the different functions of leptin, it will be important now to generate a floxed allele of this mutation to identify further the different populations of neurons required for each function of leptin.
Materials and Methods
Animals. Lepr fl/fl mice (C57BL/6J background) and SynapsinI-Cre transgenic mice (C57BL/6J background) used in these studies have been described (26, 27) . ␣1(I)Collagen-Cre transgenic mice were generated on an FVB background in our laboratory and backcrossed for 9 generations on a C57BL/6J background (28) . SynapsinI-Cre;Lepr fl/fl mutant female mice and their littermate controls (Lepr ϩ/ϩ , SynapsinI-Cre;Lepr ϩ/ϩ , and Lepr fl/fl ) were generated by interbreeding of SynapsinI-Cre;Lepr fl/ϩ mice with Lepr fl/ϩ mice. A similar breeding strategy was used to generate ␣1(I)Collagen-Cre;Lepr fl/fl mutant female mice and their littermate controls. l/l mice used in these studies have been described in ref. 21 , and the breeders were backcrossed for Ͼ6 generations on the C57BL/6J genetic background. Female WT and l/l littermates produced by interbreeding of l/ϩ mice were used for all of the studies. Genotypes of the mice were determined by using tail DNA by PCR analysis as described (21, 26 -28) . All procedures were approved by the Columbia University Institutional Animal Care and Use Committee.
Physiological Measurements. For food intake studies, mice were housed individually in metabolic cages (Nalge) and fed ad libitum. Food consumption amount was determined by weighing the chow before and after the 24-h measurement. V O2 and RER were measured by the indirect calorimetry method using a 6-chamber Oxymax system (Columbus Instruments). Mice were housed individually in the chamber and fed ad libitum. After 30-h acclimation to the apparatus, data for 24-h measurement were collected and analyzed.
Bone Histomorphometric Analyses. Bone histomorphometry was performed as described (29 -31) . Briefly, lumbar vertebrae were dissected, fixed for 24 h in 10% formalin, dehydrated in graded ethanol series, and embedded in methyl methacrylate resin according to standard protocols (29) . Von Kossa/von Gieson staining was performed by using 7-m sections for bone volume over tissue volume (BV/TV) measurement. BFR was analyzed by the calcein doublelabeling method (30) . Calcein (Sigma) was dissolved in calcein buffer (0.15 M NaCl, 2% NaHCO 3) and injected twice at 0.125 mg/g body weight on days 1 and 4, and then mice were killed on day 6. Unstained 4-m sections were used for BFR measurements. For the analysis of parameters of osteoblast and osteoclast, 4-m sections were stained with toluidine blue and tartrate-resistant acid phosphatase (TRAP), respectively (31, 32) . Histomorphometric analyses were performed by using the Osteomeasure analysis system (Osteometrics).
CT Analysis. Trabecular bone architecture of distal tibia was assessed by using a CT system (VivaCT 40; SCANCO Medical AG). Tibia bone specimen was stabilized with gauze in a 2-mL centrifuge tube filled with 70% ethanol and fastened in the specimen holder of the CT scanner. One hundred CT slices, corresponding to a 1.05-mm region distal from the growth plate, were acquired at an isotropic spatial resolution of 10.5 m. A global thresholding technique was applied to binarize gray-scale CT images where the minimum between the bone and bone marrow peaks in the voxel gray value histogram was chosen as the threshold value. The trabecular bone compartment was segmented by a semiautomatic contouring method and subjected to a modelindependent morphological analysis (33) by the standard software provided by the manufacturer of the CT scanner. Three-dimensional morphological parameters, including BV/TV, trabecular thickness (Tb.Th), and (Conn.D), were evaluated. The Conn.D is a quantitative description of the trabecular connection (34, 35) .
Biochemistry. Blood samples were collected from 3-month-old WT and l/l mice by cardiac puncture under isoflurane anesthesia, kept on ice for 5 min, and centrifuged at 1,000ϫ g for 10 min at 4°C. Serum samples were stored at Ϫ80°C until hormonal analyses were performed. Serum level of CART was measured by RIA (RK-003-62; Phoenix Pharmaceuticals). The serum level of total DPD cross-links was measured by using the Merta tDPD kit (Quidel). Urinary elimination of norepinephrine was measured in acidified spot urine samples by EIA (Bi-CAT; Alpco), and creatinine (Merta creatinine kit; Quidel) was used to standardize between urine samples.
Real-Time Quantitative RT-PCR (qPCR).
Expression of the Cart gene in hypothalamus and Rankl gene in long bone was analyzed by real-time qPCR. Briefly, total RNA was extracted, DNase I-treated, and reverse-transcribed with random primers by using the SuperScript III first-strand cDNA synthesis kit (Invitrogen) to synthesize the first-strand cDNA. The cDNA samples were then used as templates for qPCR analysis, which was performed on an MX3000 instrument (Stratagene) by using primers from SABiosciences and the Taq SYBR Green supermix with ROX (Bio-Rad). Expression levels of the studied gene were normalized by using the ␤-actin expression levels as internal control for each sample.
Statistical Analyses. Statistical significance was assessed by an unpaired Student's 2-tailed t test. Values were considered statistically significant at P Ͻ 0.05.
